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Abstract: We present a novel tunable dispersion compensator that can
provide pure slope compensation. The approach uses two specially designed
complex fiber Bragg gratings (FBGs) with reversely varied third-order
group delay curves to generate the dispersion slope. The slope can be
changed by adjusting the relative wavelength positions of the two FBGs.
Several design examples of such complex gratings are presented and
discussed. Experimentally, we achieve a dispersion slope tuning range of +/-
650ps/nm? with >0.9nm usable bandwidth.
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1. Introduction

Chromatic dispersion and dispersion slope can cause adverse effects in optical communication
systems, and both are especialy problematic in high-speed transmission systems since the
distortion of the optical signal resulting from chromatic dispersion/slope scales as the square
of the signa bandwidth. Tunable dispersion compensators (TDCs) and tunable dispersion
slope compensators (TDSCs) are crucial components in advanced high-speed systems, since
the dispersion/slope compensation requirements can change due to the signa rerouting in
reconfigurable network or even the variation of temperature and strain along fiber link which
may degrade the system performance.

Dispersion slope problems may be divided into two cases: inter-channel slope and intra-
channel slope. Inter-channel dispersion slope is where the different channels experience
different amount of dispersion, this especially impacts on wavelength division multiplexing
(WDM) systems and needs to be carefully considered when the bit rate is 10Gb/s or beyond.
There are many schemes proposed to solve the inter-channel dispersion slope problem, such
as multi-channel fiber Bragg gratings (FBGS) [1, 2], ring resonators [3], and Gires-Tournois
etalons [4, 5]. Intra-channel dispersion slope is where the dispersion experienced by each
wavelength component within an optical pulse is different, this distorts the signals within each
channel. This problem has no significant influence in 10Gh/s system, but needs to be
considered when the bit rate reaches 40Gh/s or beyond. To date, reported tunable intra-
channel slope compensators are mostly based on FBG devices, such as dynamically applying
nonlinear temperature, or nonlinear strain gradient, on a chirped FBG [6-11]. However, with
these approaches the device itself can have a large chromatic dispersion and/or the dispersion
varies simultaneously as the dispersion slope is tuned, so they are not pure TDSCs and
contribute additional dispersion compensation [11,12]. In this paper, we present a pure TDSC
based on twin novel nonlinear FBGs designed with layer-peeling inverse-scattering technique
[13]. The distinct advantage of the proposed scheme here is that only the dispersion slope is
tuned, and no additional dispersion isintroduced. Also, the tuning mechanism is very smple
(by adjusting the relative wavelength position of the twin FBGS) and ho complex temperature
or nonlinear strain gradient needs to be generated, therefore such a TDSC has very good
reliability and stability.

2. Principleand design

The basic idea uses two complex FBGs with reversely varied third-order group delay curves
to generate dispersion slope. The slope can be changed by adjusting the relative wavelength
offset between the two FBGs. For such FBGs, the target spectra should have reflectivity that
is square-like in profile and as close to 100% as possible, this minimizes the insertion loss and
its variation when dispersion slope is adjusted. The bandwidth can be several nm according to
applications. The dispersions for both gratings are quadratic functions, but reverse in shape,
and can be described as:

D,(4) = 3A(4— 4,)* (1)
D,(2) =-3A(A - 4,)* @
where A is a constant.
If the wavelength of the FBG1 and FBG2 is shifted by +AA and -AA, respectively, we can
get thetotal dispersion
Dy (4,A1) = D;(A+AA) + D, (A —AA) =12A- AL - (A - 4,) (3)
It is clearly seen from egn.(3) that the dispersion is linearly varied along wavelength and its
slopeis derived as
DS(A,A4) =12A- A 4
It is noted from egn (4) that the tuning range of dispersion slope is determined by the chosen
constant A and the slope valueis alinear function of the wavelength shift of two gratings.
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The devices are designed by use of a layer-pedling inverse-scattering technique [13].
Figure 1 shows a design example for the case A>0. The resulting real and imaginary part of
the coupling coefficient along the grating length is shown in Fig. 1(a). The corresponding
apodisation profile and period variation profile are shown in Fig. 1(b). It can be seen in Fig.
1(a) that the real and imaginary parts of the coupling coefficient have rapid oscillations near
the grating centre. It is also seen in Fig.1(b) that the grating apodisation has a sharp peak
around the grating central position, which is also corresponding to a very fast period variation
section.

Figure 1(c) shows the calculated reflection spectra with transfer matrix method by using
the designed profile shown in Fig. 1(b). It can be seen in Fig. 1(c) that the group delay has
third-order variation profile and the dispersion has quadratic variation profile.
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Fig.1. Designed complex grating with A>0. (a) Real and imaginary part of the
coupling coefficient (k). (b)Apodisation profile and period variation profile.
(c) Calculated reflectivity, group delay and dispersion for the designed
grating.

Similarly, one can design the corresponding grating with reversely varying group delay
(the case A<Q). The resulting grating profile and simulated spectra are shown in Fig. 2. It is
interesting to note that the real parts of the coupling coefficients of the two gratings are
exactly the same, while the imaginary parts of the coupling coefficients of the two gratings
have the same amplitudes but different signs. Comparing Figs. 1(b) and 2(b), we can also see
that the apodisation profiles for the two gratings are very similar and the period variations for
the two gratings are almost in reverse, which suggests that one can even possibly obtain the
corresponding grating by simply changing the light launch direction of the original grating.
This property can sometime simplify the device fabrication process.

Figure 3 shows the designs of such third-order gratings with different 3dB bandwidths. It
can be seen from Fig. 3(a) that gratings with larger bandwidth have broader apodisation
profiles, which indicate longer grating lengths are required. It is aso seen from Fig. 3(b) that
gratings with larger bandwidth have larger period variations.
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coupling coefficient (k). (b)Apodisation profile and period variation profile. (c)
Calculated reflectivity, group delay and dispersion for the designed grating.
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Figure 4 shows the designs of such third-order gratings with different slope coefficients
(A). It is noted from Fig. 4(a) that gratings with larger slope coefficients have broader
apodisation profiles, which indicate longer grating lengths are required. It is aso noted from
Fig. 4(b) that gratings with larger slope coefficients have smaller range of period variations. It
should be pointed out that the sharp oscillation peaks in Fig. 3(b) and 4(b) are not important
since they just appear near the grating edges and their corresponding index changes are close
to zero (i.e. they can be truncated during fabrication).

3. Experimental results

We have fabricated the designed fibre Bragg gratings with a state of the art UV direct writing
system developed a Aston University. The fabrication setup is schematically shown in Fig.
5(a), in which the UV writing beam (A=244nm) was output from a frequency doubled argon
ion laser and its beam size was reduced by a cylindrical focus lens. A small portion of uniform
lithographic phase mask with a period of 1072.728 nm was used in the experiment. The fiber
was mounted on an air-bearing trandation stage moving at constant speed with good stability
and accuracy, this approach allows the grating to be created pitch-by-pitch. The apodisation
profile and the varied period were realized by appropriately controlling the ON/OFF of an
AO-modulator and moving the phase mask/fibre. The structure was written in hydrogen
loaded optical fibre. The fabricated devices were characterized with the Agilent Chromatics
Dispersion Test Set (86073C). The wavelength resolution and the modulation frequency were
set at 2.5pm and 250M Hz, respectively.

Figure 5(b) shows the measured reflectivity and group delay response of one of the FBGs.
As expected, the group delay varies as a third order function. It is interesting to note that if
one reverses the light launch direction, the reversely varied third order group delay can be
generated, as shown in Fig. 5(c). Figure 5(d) show the dispersion spectra for the both light
launch directions. The dispersion has been averaged using a 0.2nm window when calculated
from the measured group delay data. It is seen clearly in Fig. 5(d) that the dispersion curve are
quadratic for both light launch ends.

The tunable dispersion slope compensator was built using two such gratings and a 4-port
optical circulator (see the insect in Fig. 6(a)). The wavelength of the gratings was shifted by
applying uniform strain along the optical fiber and no additional group delay/dispersion
ripples were expected to be introduced by this simple method. Figure 6 shows the measured
group delay response and the insertion loss of the tunable dispersion slope compensator when
the dispersion slope was set at different values. It is seen that the dispersion slope can be
tuned continuously from -650ps'nm? to +650ps/nm?. The slope can be adjusted further, but at
the expense of the bandwidth of the device, which can be seen in Fig. 6(b). The 3dB
bandwidth of the TDSC is about 0.9nm for the setting of +/-650ps/nm?. The insertion loss is
about 4dB (including about 2.5dB loss from the optica circulator) and the insertion loss
variation is about 0.5dB for the full tuning range. The variation of the insertion loss is due to
variations on the reflectivity of one of the gratings, and can be improved if both the gratings
have better reflectivity flathess. Figure 6(c) shows the dispersion curves of the TDSC, which
have relatively good linearity (with a0.3nm average window). The group delay ripples (GDR)
of the TDSC are plotted in Fig. 6(d), which are the deviations from the best fit quadratic curve
and are averaged over 0.1nm. It is seen that the GDR for al the slope settings are relaively
small (+/-4ps).

4. Conclusions
We have designed and fabricated novel gratings with reversely varied third-order group delay
curves. Such gratings can be combined to provide tunable pure dispersion slope

compensation. Such gratings will find applications in high-speed optical transmission
systems.
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